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THE ARLINGTON CURING EXPERIMENTS 


A STUDY OF THE EFFECTS OF VARIOUS CURING TREATMENTS ON CONCRETE PAVEMENT SLABS 


Reported by L. W. TELLER, Senior Engineer of Tests and H. L. BOSLEY, Assistant Materials Engineer, Division of Tests, Bureau of Public Roads 


in curing methods for concrete pavements. It is 

generally realized that these pavements should be 
cured but there is a lack of definite information as to 
just what constitutes an adequate curing method. 
Concrete slabs, whose surfaces have had no protective 
curing treatment, have been found to have a very con- 
siderable strength and service value. The improvement 
in the quality of the concrete obtained by careful curing 
may be very marked or it may not be, depending 
largely upon the climatic and other conditions to which 
the fresh concrete is subjected. Conceivably there are 
conditions under which a pavement slab will benefit 
but little from even the best of curing treatments. 
However, by far the greater yardage of concrete pave- 
ment is laid during the hot, dry summer months and 
under these conditions it is an accepted fact that curing 
of some sort is necessary. 


1 “HERE is a widespread interest among engineers 


FINAL CONCLUSIONS CAN BE BASED ONLY ON A LARGE NUMBER 
OF TESTS CONDUCTED IN DIFFERENT PARTS OF THE COUNTRY 
Earth curing has been widely used and it has been 

demonstrated many times that this method, properly 

carried out, is a very satisfactory one, so far as strength 
of the resulting concrete is concerned. There are two 
principal disadvantages to the method: First, the cost, 
arising from the large amount of material which must 
be handled and from the fact that the water supply must 
be maintained for the duration of the curing period; 
and, second, the possibilities of controversy between the 
engineer and the contractor over compliance with the 


_ curing specifications. This difficulty, too, tends toward 


increased cost. 

Several other methods of curing, involving the use of 
other materials, have been promoted and because of 
the possibilities for economy, they are receiving serious 
consideration wherever concrete pavements are being 
laid. In an effort to determine the advantages and 
disadvantages of these various curing treatments a 
number of investigations or tests have been conducted 
by the various State highway departments and other 
agencies. The findings of the different investigators 
have not been wholly concordant and engineers, in 
general, have not been entirely satisfied with the 
information available. 

Curing tests should be made on large specimens, 
under carefully controlled conditions, and the observa- 
tions should cover a long period of time. It is. very 
difficult to meet all of these requirements. ‘Tempera- 
ture and humidity are of vital importance, yet they can 
be controlled only in the laboratory. Specimens which 
can be handled in the laboratory are not well suited to 
a study of pavment concrete because of their limited 
size. Large field specimens, such as actual road slabs, 
may be affected to as great a degree by varying weather 
conditions as by the differences between the different 
curing methods. These difficulties have confronted the 
various investigators who have sought to overcome 
them in different ways and with varying degrees of 
success. Because of these uncertain influences it 
appears that accurate information and sound conclu 
sions can be arrived at only by a thorough study of the 
indications from a large number of tests conducted 
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Figure 1.—FINIsHING A SECTION CONTAINING 3{-INcH Dr- 
FORMED Bars 


under the different climatic conditions of the various 
parts of the country. . 

The Bureau of Public Roads has recently completed 
a study of the data obtained from curing experiments 
at the Arlington Experiment Farm, Virginia. The de- 
tails of this investigation and a summary of the indica- 
tions -are set forth in the following report which is 
presented not as conclusive evidence for or against 
any of the treatments tried but rather as additional 
evidence regarding them. 

Because of the opportunity afforded by these tests 
for obtaining further information concerning the in- 
fluence of various quantities of steel reinforcement on 
the behavior of concrete slabs, a number of reinforced 
sections were added to the original program. The 
observations made on these sections are included in 
the report. 

The object of the tests was simply to develop as 
much information as possible regarding the effect on 
concrete pavements of a number of curing methods 
and materials. 

Broadly, the scheme of the tests was to construct a 
series of long, narrow concrete slabs of identical mix 
and general dimensions, to apply to these the various 
treatments whose effects it was desired to observe and 
then to note these effects in various ways and over an 
extended period of time. In order to obtain complete 
information concerning conditions which might have a 
bearing on the results, many collateral tests and 
observations were necessary. The effects described in 
this report are due to exposure to the elements only, as 
no loads of any kind were applied to the test sections. 

A preliminary report on this investigation was pub- 
lished in Public Roads for December, 1926. The re- 
port contained a general description of the project, 
together with a few preliminary indications from data 
available at that time. 
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TEST CONDITIONS DESCRIBED 


The series of test sections consisted of 40 slabs, each 
200 feet long, 24 inches wide and 6 inches thick. Con- 
struction was begun during the latter part of July, 
1926 and completed early in August. The mix used 
was 1:2:4, proportioned by loose volume, with a 
correction for the bulking of the sand. The attempt 
was made to have the concrete of a uniform consistency 
but in spite of all precautions some variation occurred. 
Careful notes were taken of these variations and their 
location. There appears to be no connection between 
the observed behavior of the sections and the observed 
variations in the consistency of the concrete. The 
aggregates used were Potomac River sand and Potomac 
River. gravel. The cement was all of one brand and 
was tested prior to use. 

Subgrade conditions were extremely uniform under 
the entire group of sections both as to soil and topog- 
raphy. The weather during the period of construction 
was, in general, hot and the humidity fairly low. 
Every effort was made to place the concrete at such 
a time as to expose it under the most adverse con- 
ditions possible in this section of the country. Figure 1 
shows a view of the construction. 

As mentioned before, a number of sections contained 
steel reinforcement; others were divided by construc- 
tion joints into segments of various length. Under 
some of the sections the subgrade was very dry; under 
a few it was damp; and under another group it was 
thoroughly wetted. The details of construction and of 
the curing treatments applied are given in Table 1. 
Figure 2 shows the application of some of the curing 
treatments. 

In general, the variables introduced were such that 
information would be had on the effect on concrete 
pavements of such factors as the following: 

. Moisture in the subgrade. 

2. Covering the subgrade with tar paper. 

3. Surface curing with earth, straw, burlap, bitumi- 
nous materials, calcium chloride and sodium silicate. 

4. Curing with calcium chloride mixed integrally. 

5. Slab length. 

6. Various amounts of steel reinforcement. 

The effects of these factors on the different sections 
were observed over a period of more than two and one- 
half years, and additional data were obtained from 
numerous tests and studies made in conjunction with 
the curing slabs during this time. The most important 
information was obtamed from the following observa- 
tions and tests: 

Transverse cracking of the test sections. 
Local shrinkage cracking. 
Visual inspection of the slab surfaces. 
Tests for surface hardness. 
Loss of moisture from the concrete during the 
curing period. 
Tests on control specimens. 

7. Subgrade friction. 

8. Effect of steel reinforcement on volume change. 

The purpose of careful curing is to obtain a pavement 
structure which is sound and strong, and the ideal 
curing procedure is one which insures the structure 
against stresses beyond its strength during the curing 
period and which leads to the development of a high 
final strength. ‘The principal stresses against which the 
concrete pavement slab must be protected during the 
curing period are those produced by the tendency of the 
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TABLE 1.—Details of construction and curing of the test slabs 











See-| Subgrade | ; ue. | ¢ 
tion, leonditiont Reinforcement see OU eee Curing method 
{ 

LV Dryoa NONG Ie ses aooaes ae 200 | None. 

a, Semot  Foyeee A) ee oe (0 (ae, a nee 20, 30, 40, 50, 60 Do. 

3) lao Oe ee ee Oars RE ee 200 | Tar after 24 hours. 

Als: | ae elite) Ss = eee 200 | Caleium chloride after 24 
hours, 2 pounds per square 
yard. 

) do. ai 0.2 fakes eee 200 | Sodium silicate (4:1) after 24 
hours. 

Qik ado as (6 (eee ee ee 200 | Calcium chloride after 24 

hours, 3 pounds per square 
| | yard. 

io\ase eee ete LORane eee 200 | Tar paper on subgrade; tar 
after 24 hours. 

Slice dG 2 14-inch round de- 200 | None. 

formed bars. 

O Week. 2 38-inch round de- 200 Do. 

formed bars. 

LO d= Ome 2 14-inch round de- 200 Do. 

formed bars. 

Sec Ose s | 2 34-inch round de- 200 Do. 

formed bars. 

L2N le Ome 2 34-inch plain bars 200 Do. 

painted and 
greased. 

Ld eee cO see 2 44-ineh round de- | 20, 30, 40, 50, 60 ies 

formed bars. 

ao dos 2 34-inch round de- | 20, 30, 40, 50, 60 Do. 

formed bars. 

Loves doses NOG, st oe eee a 200 | Calcium chloride admixture, 
2 per cent. 

UWA pox eckiy 2m 43.8 pound fabric__-- 200 | None. 

LST ed Odean 23.6-pound fabric___- 200 Do. 

LO ESn0 Osecee 42.8-pound fabric___-) 20, 30, 40, 50, 60 Do. 

20 ads s/h None: 4 eee 200 | Dry earth, after 24 hours, for 
13 days. 

21 featloe eS ae ons GOs eae a ae 200 DEY. eo after 24 hours, for 

Jeu DAM Doe aloes CO Scere es Soa 200 | Wet aah after 24 hours, for 
13 days. 

23) | set 0. | ee C0 ew eee 20, 30, 40, 50, 60 Do. 

24 ad Ope eae QO. Sax) sea eban 200 | Wet straw, after 24 hours, for 

F 13 days. 

25. Weta ee 0 te 200 | Wet burlap for 24 hours, then 
wet earth for 13 days. 

2Oy| nO see ep ee Ose ene 20, 30, 40, 50, 60 0. 

4 (i) eae 0 Cs eee | ST 0 vas aceteee > 200 | Wet burlap for 24 hours, then 

| caleium chloride 2 pounds 
per square yard. 

Ya eto (cee ae BS G0.ee eee 200 | Wet burlap for 24 hours, then 
sodium silicate (4:1). 

BO ES dO. see ee es CORE Sere stato 200 | Calcium chloride after 24 
hours, 2 pounds per square 
yard. 

Uns =. dom = aaa ye G22 See. eter 200 | Sodium silicate (4:1) after 24 

ours. 

Pay |W sera (ES AL ee G0l. ee ee 200 | Calcium chloride admixture, 

y 2 per cent. 

32) o=,d0-2— 8 43.8-pound fabric__-- 200 | Wet burlap for 24 hours, then 
wet earth for 13 days. 

C3. jess00n ees 23.6-pound fabric_-_- 200 Do. 

oF le d0ws oe ~ 8- pound fabric_.-_| 20, 30, 40, 50, 60 Do. 

She acc ee 4-inch round de- 200 Do. 

sienna bars. 

Of esses 2 38-inch round de- 200 Do. 

r! formed bars. 

Ye es (aye et 2 14-inch round de- 200 Do. 

formed bars. 

38 |___do_ 2 34-inch round de- 200 Do. 

formed bars. 

AG Whose Ou e 2 44-inch round de- | 20, 30, 40, 50, 60 Do. 

formed bars. 

40") cedoseeee 2 34-inch round de | 20, 30, 40, 50, 60 Do. 

formed bars, | 

Aly eel Oem ODO see co Seer ee 200 | Asphalt emulsion sprayed on 
immediately after concrete 
was finished. 














concrete to change its volume because of moisture or 
temperature changes. Thus a curing treatment which 
tends to reduce the range of either or both of these 
changes offers advantages over a treatment which does 
not. In general, the more complete the hydration of 
the cement the greater will be the final strength of the 
concrete. For this reason it seems that a satisfactory 
curing process is one which insures that the cement 
has available at all times the moisture required for 
hydration. 


TESTS SHOW THAT CURING CONDITION AFFECTS SLAB LENGTH 


Shrinkage in concrete pavement slabs during and after 
the initial hardening period, either from loss of mois- 
ture, drop in temperature, or both, acting in conjune- 
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Applying tar to the surface approximately 24 
hours after placing 


Brooming sodium silicate (4 parts sodium silicate 
42 Baumé to 1 part water) on the surface 
approximately 24 hours after placing 


Spreading the flake caleium chloride (2 pounds 
per square yard) on the surface of section 4, ap- 
proximately 24 hours after placing 


FIGuRE 2.—APPLYING CURING TREATMENT TO SECTIONS 


tion with the subgrade resistance, sets up tensile 
stresses which cause cracks to form in the concrete. 
These may be either complete transverse or short 
localized cracks. Transverse cracks occur at greater 
intervals than do local shrinkage cracks and cenerally 
differ in that they are longer, wider, and extend to the 
bottom of the concrete, whereas cracks of the other 
type develop in the surface of the concrete and usually 
are not over a foot or so in length. 

Figure 3 shows the transverse cracks that developed 
in the different sections, and the age of the concrete, in 
days, at the time the crack was first observed. A study 
of this figure shows that the sections which were placed 
on a wet subgrade and provided with good surface 
curing developed fewer early transverse cracks than 
those placed on a dry subgrade. This was to be expected 
in view of the lower loss of moisture, lower shrinkage 
and lower subgrade resistance during the period when 
the concrete had the least strength. 

Since, in general, the sections placed on the dry sub- 
grade had, in addition, delayed or otherwise less effec- 
tive curing than the sections which were placed on the 
wet subgrade, it was possible to arrange the sections in 
two groups and to obtain a general indication as to the 
effect of curing on slab length. Figure 4 shows the data 
concerning slab length for ‘each of these eroups from the 
tame the sections were laid up to and including the 
2-year period. 

ahese curves show that concrete cured under poor 
conditions developed most of the transverse cracks 
during the early period after placing, and resulted in an 
average slab length of approximately 34 feet at seven 
days, “and approximately 29 feet at two and one-half 
years. Under good conditions of curing the average 
slab length at seven days is approximately 118 feet 
and approximately 36 feet at two and one-half years. 


Where bituminous materials were applied to the 
surface of the concrete as a curing agent, there was an 
increase in transverse cracking above the average for 
those sections (in their respective group) that were 
untreated or were treated with other than bituminous 
materials. This is clearly shown by section 41, which 
was treated with asphalt emulsion immediately after 
finishing. The increased early transverse cracking on 
this section over that of others in the same eroup 
can possibly be attributed to the effect of the black, 
heat-absorbent surface which served to increase the 
temperature range of the concrete thereby causing 
higher stresses in it during the period in which it was of 
low stre neth. 

Section Zs placed on tar paper and surface treated with 
tar the following morning, shows a similar increase in 
transverse cracking after the bituminous material was 
applied. 


BLACK COATING CAUSED HIGHER TEMPERATURES 


When the sections were laid thermocouples were 
embedded in the concrete at several points at three 
different depths (1 inch, 3 inches, and 5 inches from the 
upper surface) and in the subgrade 1 inch below the 
concrete. From these thermocouples temperatures 
were determined periodically over a period of about 
two weeks immediately following the placing of the 
concrete. Among the sections in which these measure- 
ments were made were two which had bituminous 
treatments after 24 hours (sees. 3 and 7), one which had 
a dry earth covering after 24 hours (sec. 20), one 
which had wet burlap for 24 hours followed by wet 
earth for 13 days (sec. 25), and one which had no 
curing treatment (sec. 1). The temperature variations 
for each of these five sections, for the only 24-hour 
period during which continuous observations were 
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' i NO CURING 
A ESE ee Se a eee Saas ey, eS ee Se | NO CURING 
3 3 TAR 
‘ 4 2 LBS. CALCIUM CHLORIDE 
a TS SODIUM SILICATE. 
ry be a nf aes] T 56 ee cr } 6 3 L685. CALCIUM CHLORIDE 
7 7 TAR PAPER ON SUSGRADE-TAR 
a Tay es 2s nH ae mM T 15 2% CALCIUM CHLORIDE ADMIXTURE 
20 7 7 i 340 7 CT aS PR (Se ee ee | St < DRY EARTH 
2! 365 i D 2! 3 ORY STRAW 
8 7 z i 8 2 2-174 DEFORMED BARS 
9 5 z 3 @g 3 & 2-3/8" ¢ DEFORMED BARS. 
10 z C PS) SES, ESS | ee | Ty TT 3 2 7 D ee 7h 2-1/2" DEFORMED BARS 
ut 2 EY Ee 3 (7 (Se a ee ae eS (| Z 2-3/4" DEFORMED BARS 
e o 358) 7 2 2-374" PLAIN BARS (PAINTED & GREASED) 
13 13 S 2-172" DEFORMED BARS. 
14 = 14 Zz 2-3/4" DEFORMED BARS 
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made, are Shown in Figure 5. In addition to the variation 
curves there is shown the range in temperature shown by 
each thermocouple from the maximum observed during 
the day to the minimum noted during the following night. 

It will be observed that the increase in the range of 
temperature of the two sections which had bituminous 
treatments is quite marked. This effect was observed 
down through the concrete into the earth of the sub- 
grade. While the maximum difference in temperature 
shown in Figure 5 between the concrete which was 
coated with a black material and that which was not is 
from 5° to 7° C., measurements made during the follow- 
ing summer showed that the temperature of the con- 
crete coated with the bituminous material was as 
much as 10° C. higher than that of uncoated concrete, 
the conditions of exposure being the same. The in- 
sulating effect of the dry earth covering is also indicated 
in Figure 5. 


EARLY BURLAP AND TRANSVERSE JOINTS REDUCED CRACKING 


Referring to Figure 3, it will be seen that section 25, 
placed on a wet subgrade, covered with wet burlap 
immediately after it was finished and covered with 
wet earth the next day (this earth being kept wet for 
13 days), shows a marked reduction in transverse 
cracking over that which occurred in section 22, which 
had no early burlap treatment. The difference in the 
moisture content of the subgrade may have had some 
influence although it is not believed that it is entirely 
responsible for the difference shown. Section - 28 
(early burlap cover with sodium silicate treatment 
after 24 hours) also shows less transverse cracking at 
all ages than section 30 where the burlap was omitted, 
all other conditions being the same. Sections 27 and 
29 on which a surface treatment of 2 pounds of calcium 
chloride per square yard was applied do not show the 
same beneficial effect of burlap cover. For almost a year 
there were the same number of cracks in both sections. 


After two and one-half years there are seven cracks in the 
section which had the burlap cover and four in the one 
which did not. In spite of this exception it is believed 
that the data indicate a beneficial effect on average slab 
length of the immediate application of wet burlap. 
There is no apparent explanation for the relative 
cracking which occurred in sections 15 and 31. These 
slabs contained a 2 per cent calcium chloride admixture. 
Section 15, which was placed on a smooth, dry earth 
subgrade, showed five transverse cracks after 24 hours 
while section 31, on a wetted subgrade, showed none. 
After five days section 15 still had only five cracks 
while section 31 had three. At the end of one year no 
new cracks had appeared in section 15 and section 31 
showed eight. After two years had elapsed section 15 
still showed only five transverse cracks and section 31 
showed a total of 10 or twice the number in section 15. 
It does not seem possible that this difference is due to 
the initial difference in the subgrade moisture. The 
wetted subgrade might be expected to have a favor- 
able effect by improving the curing conditions and 
thereby increasing the strength of the concrete. Such 
strength-test data as are available indicate that this 
was true. Flexure specimens tested at six months 


(fig. 14) indicated that the strength of the concrete in . 


section 31 was somewhat greater than that of section 15. 
A series of 20 cores were drilled from each of the two 
sections after two and one-half years had elapsed, 
especially to obtain data on this point and showed an 
average compressive strength for section 15 of 3,480 
pounds per square inch as against 4,685 pounds per 
square inch for section 31. 

Since the cracking in section 31 occurred progressively 
over a long period of time and since it is most prevalent 


in the ends (a center portion of about 75 feet being 


unbroken) it appears that the excessive cracking might 


be due to subgrade settlement or swelling. The records 


of the heaving of the section are complete and show a 
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GOOD CURING GROUP INCLUDES 
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Fiaure 4.—Errect oF CURING ON SitAB LenGtTH at Dir- 
FERENT AGES 


fairly uniform seasonal rise and fall in no way different 
from that to which the adjoining slabs were subjected. 
Thus there is nothing in the available data which throws 
any light on what is thought to be excessive transverse 
cracking in section 31. 

In the nine sections in which transverse joints were 
used, dividing the 200 feet of concrete into subsections 
of 20, 30, 40, 50, and 60 foot lengths, there was a reduc- 
tion of transverse cracking over identical full length 
slabs of 200 feet (fig. 3). At the end of the two and one- 
half years there are 59 transverse cracks in the full length 
slabs, as against 44 cracks and joints in the subdivided sec- 
tions. Of this latter number 36 are transverse joints 
that were made at the time of placing the concrete. Five 
of the eight cracks occurred on the dry subgrade, one on 
the damp subgrade, and two on the wet subgrade. 

There are 36 slabs in the full length sections with a 
length of 20 feet or less, as against 15 such slabs in the 
subdivided sections. Of this latter number, 9 were 
placed as 20-foot slabs. The following table gives the 
average slab length at different ages of the slabs (the 
joints being considered as cracks) and show the trend 
so far as each group is concerned. 
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A—— SECTION | NO TREATMENT. D—--— SECTION 20 DRY EARTH COVER. 
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C——— SECTION 7 TAR TREATMENT. F AIR 





Ficure 5.—TEMPERATURE VARIATION CURVES AND TEMPER- 
ATURE RANGE CHARTS SHOWING THE EFFECT OF SURFACE 
CovERING MATERIALS ON THE TEMPERATURES OF CONCRETE 
SLABS AND OF THE SUBGRADE 


It is apparent from an examination of the data that 
the constructed joints served to control the transverse 
cracks to a large extent. 


TABLE 2.—Average slab length at various ages for both full length 
and segmental sections 


28 90 | 180 | 365 | 730 er 
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| Feet | Feet | Feet | Feet | Feet| Feet | Feet 

Full length (sees. 2, 13, 14, 19, 23, 26, 34, 39, 40)_| 90 79 49 | 45 38 35 | 32 

Segmental (Secs. 1, 10, 11, 17, 22, 25, 32, 37, 38)--| 39 | 39 39 | 38] 36| 35) 35 

| | | 











In the 45 subsections of the nine subdivided sections 
only eight cracks occurred, as mentioned above, and 
37 of these subsections were without cracks at the end 
of two and one-half years. In no case is there more 
than one crack in a subsection. Of the eight cracks 
their occurrence is as follows: 

20-foot subsections, none. 
30-foot subsections, two. 
40-foot subsections, two. 
50-foot subsections, three. 
60-foot subsections, one. 

There is no apparent relationship between the 

subsection length and the number of cracks. It is 
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obvious that a less number of transverse joints might 
have been used, with a consequent increase in the 
average length of slab, without a proportionate increase 
in the number of cracks. This indicates the possibility 
of an even better control than is shown by this investi- 
gation. 

DATA ON SUBGRADE FRICTION OBTAINED 


The resistance of the subgrade to the horizontal 
movement of concrete pavement slabs was measured 
under dry, damp, wet, and frozen subgrade conditions, 
for concrete placed on both the natural subgrade and 
also on tar paper. The amount of this resistance was 
determined, under these different conditions, by 
measuring the force required to move concrete slabs 
6 feet long, 2 feet wide and 6 inches thick and weighing 
approximately 900 pounds each, over the subgrade. 
The displacement of the slab was measured with a 
micrometer dial. 

Figure 6 shows some of the load-displacement curves 
obtained for the different subgrade conditions. These 
curves indicate that considerable moisture in the sub- 
gerade, when not in the frozen state, reduces the sub- 
grade resistance, while a frozen subgrade increases it 
as much as five times over unfrozen conditions. They 
also show that the resistance is lower with each test 
after the slab has been moved once (successive tests 
having been made on the same slab). 

Tar paper used between the concrete and the sub- 
grade under both wet and dry conditions of the subgrade 
reduced the resistance to relatively large movements 
to about one-half of that which obtained where the 
concrete was placed directly on the subgrade. This 
lower subgrade resistance did not cause any reduction 
in early transverse cracking on Section 7. The curves 
of Figure 6 show that while the tar paper under the 
slab effected a very marked reduction in the maximum 
coefficient, there is no great difference in the subgrade 
resistance for small movements for the slabs on the 
smooth earth and those on the tar paper. It may be 
that this fact has a bearing on the apparent failure of 
Sections 3 and 7 to conform to the generally accepted 
idea that a layer of tar paper between the pavement 
and the subgrade will reduce transverse cracking 
through a reduction in the coefficient of friction since 
the actual contraction which took place when these 
transverse cracks formed is not known. 

During the latter part of the first winter after the 
sections were laid, there was considerably more trans- 
verse cracking in the long slabs that were well cured 
than in the poorly cured sections which cracked into 
short slabs during their early life. This increase in 
transverse cracking during this particular time can 
probably be attributed to the increased coefficient of 
friction caused by the frozen subgrade which, acting 
over greater slab lengths on the well cured sections than 
on the poorly cured ones, developed stresses exceeding 
the strength of the concrete. 


CURLING OR WARPING MEASURED 


The amount of curling or warping which occurred on 
the different sections was measured with dials which 
showed the vertical movement of the slab in thou- 
sandths of an inch. These dials were mounted on iron 
stakes driven along the edge of the slabs at 2-foot inter- 
vals with the dial stem resting on the concrete. Read- 
ings were taken over 24-hour periods, with correspond- 
ing measurements of the temperatures in the top and 
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Ficurr 6.—SuBGRADE FRIcTION UNDER VARIOUS SUBGRADE 
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SECTION 23 
TEMPERATURE °C. 
TOP BOT. 
A-7P.M. 28.0 28.2 
B-5A.M. 19,5 22.6 
C-3PM 32.8 30.0 
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Figure 7.—SLaB CurLina OBSERVED ON SEcTION 23 


bottom of the concrete. The temperatures were 
measured by means of thermocouples embedded in the 
concrete at the time of placing. 

Curling or warping of a concrete pavement slab 
depends upon the relative length of the upper and lower 
surfaces. This difference in length may be due to a 
difference in the temperature or of the moisture content 
of the two surfaces. Considering temperature effects 
alone, if the top and the bottom of the slab have the 
same temperature the slab will be in the position as 
indicated by the line A in Figure 7. When the top is 
at a lower temperature than the bottom the slab will 
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deflection developed by Doctor Westergaard.’ 

Figure 3 shows that in several cases transverse 
cracking developed near the ends of long slabs and also 
that cracks occurred at later dates in close proximity 
to earlier transverse cracks. 

Typical examples of this will be found in the case of 
sections 3, 7,20, and 31. It can be easily demonstrated 
that subgrade friction could not develop a tensile stress 
of sufficient amount to rupture concrete of even moder- 
ately good quality in such lengths of slab. Since the 
cracks could not be due to direct tension it seemed 
possible that they might be due to warping. The deflec- 
tions measured are in fair accord with theory and it 
would be expected that the maximum bending moments 
in the warped slabs (and hence any cracks due to such 
flexing) would occur at approximately the position 
indicated by the theory. It will be found that the 
majority of the cracks referred to occur somewhat 
closer to the free end of the slab than is called for by the 
theoretical bending moment diagram. This may be 
due to greater subgrade stiffness than was contemplated 
in the theoretical analysis. 

Cracks of this type do not appear in the reinforced 
sections. Measurements show that the presence of 
reinforcing considerably reduces the magnitude of the 
vertical movement both at the free ends of the slab and 
at transverse cracks through which the reinforcing is 
continuous. 


MOVEMENT OF SLABS DUE TO SWELLING OF SUBGRADE FOUND 
TO BE UNIFORM 


Swelling of the subgrade due to changes in moisture 
content or to freezing was determined by taking level 
readings from time to time on the sections, using per- 
manent bench marks set below the frost line as refer- 
ences. These elevations were taken at points located 
along the center line of each section and spaced 10 feet 
apart. 

These measurements indicate that the “heave” of all 
of the sections was fairly uniform throughout their re- 
spective lengths. The average changes in elevation 
were + 0.05 of a foot and —0.02 of a foot. The maxi- 
mum changes of +0.1 and —0.04 of a foot occurred on 
the north ends of sections 1 and 2 and extended for a 
distance of about 60 feet south. The greatest increase 
in elevation occurred at a time when the subgrade had 
been thoroughly saturated with water and had later 
frozen to a depth of 3 inches. Although the swelling 
that developed under this condition was the maximum 
measured, it was so uniform over the entire area cov- 
ered by the sections that it is doubtful if any transverse 
cracks can be attributed to this action. 


WET BURLAP FOUND TO BE EFFECTIVE IN PREVENTING 
SHRINKAGE CRACKS 


Shrinkage in a concrete pavement is caused either by 
a loss of moisture or by a drop in temperature, or by 
both. During the early curing period the shrinkage 
due to loss of moisture is, in general, much greater than 
that due to a lowered temperature. In fact, it may be 





1 Analysis of the Stresses in Concrete Roads Caused by Variations in Temperature, 
by H. M. Westergaard, Public Roads, vol. 8, No. 3, May, 1927. 
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observed during this period that shrinkage is occurring 
while the temperature is actually rising. 

In discussing shrinkage effects in this report a dilfer- 
entiation is made between distinctly local shrinkage 
cracks and the transverse cracks formed by the tendency 
of the slab as a whole to shorten. It will be reealled 
that what are referred to as “shrinkage” cracks differ 
from the ‘“‘transverse”’ cracks in that they do not ex- 
tend to the bottom of the concrete, nor do they extend 
to the full width of the slab when first formed. Under 
adverse curing conditions ‘shrinkage’? cracks begin to 
appear almost immediately after the conerete has been 
finished and generally fully develop during the first 24 
hours after the concrete has been placed. The extent 
and depth of these cracks depend largely upon the con- 
ditions to which the concrete is subjected during the 
initial curing period. The concrete during this period 
has little or no tensile strength and can not transmit 
the stresses produced any appreciable distance, with the 
result that under adverse conditions of temperature and 
moisture such cracks oecur in close proximity and may 
be of such magnitude as to seriously impair the strength 
of the slab. 

Table 3 shows the number of local shrinkage cracks 
that developed in the different sections during the first 
four months, together with the average relative humid- 
ity during the first 8 hours and also for the first 24 hours 
after the concrete was placed. These figures are the aver- 
ages obtained by two observers, working independently, 
and counting all shrinkage cracks whose lengths were 1 
inch or more in each section. Although the actual count 
reported was made after four months hadel apsed it was 
observed that practically all of the local shrinkage cracks 
formed during the very early life of the concrete. 

Referring to Table 3, it will be seen that under ad- 
verse conditions an excessive number of shrinkage 
cracks developed. This is shown by those sections 
which were placed on a dry subgrade without curing 
treatment during the first 24 hours; those sections 
placed on a wet subgrade, with immediate curing treat- 
ments, having, in general, comparatively few shrinkage 
cracks. These experiments indicate most strongly that 
the immediate application of wet burlap can be de- 
pended upon to aid greatly in the elimination of the 
local shrinkage cracks which tend to form before the 
concrete has attained its final set. The following data 
extracted from Table 3 illustrate this point: 





Local 
shrinkage 
cracks 


Section | Curing 





Se re Tere tenn thee. eee ens seem 
Burlap and wet earth-_-..--------- : MM 
SO MINUMMESINCR UGE = a an eee eee 
ONE oe meen a8 | Burlap and sodiumysilicate. -.-.--.---_=- 
@alciumrcnilonide..._.-__ === 

Burlap and caleium chloride. ------------- 








The section on which the asphalt emulsion was ap- 
plied was almost entirely free from this type of erack. 

In general, those sections which were placed when the 
humidity was low and without adequate early curing 
developed more local shrinkage cracks than those 
placed without adequate early curing but under con- 
ditions of somewhat higher humidity. These data em- 
phasize the importance of adequate early curing treat- 
ment of the concrete, under conditions of low humidity 

Careful visual inspections were made, at regular in. 
tervals, of all of the sections to note any effect of the 


220 





Taste 8.—Number of local shrinkage cracks, relative humidity shrinkage cracks. 
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24 8 a 
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f Boner. 2-2-- 2522 NONE... Je. . are Se 50 33 1, 560 
2 None, joints... wus el Oe ne 50 33 158 
3B Womemere- es ceeas Tar after 24 hours.._...______- i 60 a8) (ae 
4 “de... ; _.| Caleium chloride after 24 59; 33 | 95 
| hours, 2 pounds per square ; 
'  -yard. 
5 _do _.| Sodium silicate (4:1) after 24 59), 33 619 
hours. | 
6 eee Ce ge ee eee ae Calcium chloride after 241 50 33 128 
hours, 3 pounds per square | 
yard. 
(a Se (010) eee 2 ey Tar paper on subgrade, tar 59 397 les eee 
after 24 hours. ; 
§ 8 2) Ageineh, sromndes de=9|INinnGes. ene a eee 65 53 | 482 
formed bars. | ; 
Gil) Qs eeinch sound) (deal |= —saad wee ns cmeenee 65} 53 | 89 
| formed bars. 
10 | 2 44-inch round de- Lee AR Renee PRR ree 54 50 722 
formed bars. i ; 
11 | 2 31-inch round de- |_.--- GOES 5 se ees | i} BE 952 
formed bars. | | 
12}2 34-inch plain bars, .- (j) i ES. 641 52 839 
paint and grease. \ | 
13} 2 34-inch round de- ;.-__- G02 ee | ie) 67 471 
formed bars, joints. | 
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19 | 48 8-pound fabric______- _do.. 651 48) 1,451 
20 | None._.-.----- ae © ‘Dry earth after 24 hours for13 59 33 | 823 
ays. 
A §....2 dot: een. Dry straw after 24 hours for 13 c0)) aM 1/602 
days. | 
DAMP SUBGRADE 
| 
OE BS) a ae ae Wet earth after 24 hours for 13} 59 48 | 137 
1 ays | { 
oa eee Ole cei eReSESascc. \pSaee (C0) eRe ne .- — sl, 59 48 | 93 
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= oe a ae = - = 
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| calcium chloride, 2 pounds | 
per square yard, | 
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Oj) 5| ee QUE..2--5---. .... Calcium chloride admixture, 60! 54 587 
} 2 percent. | 
32 | 43.8-pound fabric_._____- Wet burlap for 24 hours, then ; 55 48 192 
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3512 44-inch round de- |_-__. ON Rae ae es hs, 75 59 1 
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_ formed bars. 
39! 2 14-inch round de- '__.__ CO ee 69 50 | 4 
ae bars, joints. ‘ | 
40 2 34-inch round de- _____ (clownuntes 2 eee eee oe eee 64 52 | 0 
formed naar, jolinta. 
41 None... ~ eee eee Asphalt emulsion sprayed on 69 50 1 
immediately after concrete ' 
was finished. | 
treatments on the surface of the concrete. Photographs 


were taken to show typical surface conditions which 
were observed. Illustrations A, B, C, and D of Fi igure 
8 show the effect of the immediate application ‘of a 
curing treatment in the almost entire absence of local 
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Jllustration A shows a somewhat 
pitted appearance due to the use of a spray nozzle 
which was not entirely suited to the material being 
applied. Illustration B shows the surface appear- 
ance typical of those sections on which flake calcium 
chloride was applied. The appearance is different 
from that of the other sections in that a thin film of 
whitish appearance and extremely fine texture covers 
most of the surface. Illustrations E and F of Figure 8 
and Figure 9 show the condition of sections where the 
immediate application of wet burlap was omitted and 
local shrinkage cracks are prevalent. Illustration E 
shows a surface appearance typical of section 15 where 
the curing treatment consisted of a 2 per cent admix- 
ture of calcium chloride without surface curing of any 
kind. This surface condition is of interest in connec- 
tion with the discussion of crazing which follows: 

The test sections were very carefully examined for 
evidence of the condition commonly known as ‘‘craz- 
ing’? where areas of the surface of the concrete are 
covered with a network of fine cracks of apparently little 
depth. It was observed that this condition appeared 
only in those areas where the surface of the concrete had 
been covered with a film of water, from which a skin of 
laitance had deposited. There is some evidence of craz- 
ing in the surface of those sections where the surface 
was protected and moistened with wet burlap. On these 
sections slight crazing is to be found in areas where the 
burlap was not in actual contact with the concrete be- 
cause of wrinkles in the burlap, depressions in the con- 
crete, or other causes. Where the surface skin was 
broken up by contact with the burlap no crazing is to 
be found. There seems to be a tendency for crazing to 
occur in the surface of those sections on which flake 
calcium chloride was used. The whitish, fine-grained 
surface which seems to result from this treatment ap- 
pears to be particularly subject to these fine crazing 
cracks. There is also considerable crazing in the sur- 
face of Section 15 (see fig. 8, E) where a 2 per cent 
calcium chloride admixture was used without other 
curing treatment. No scaling has followed the appear- 
ance of crazing cracks on any of the sections, but it 
should be kept i in mind that the weather is the only 
destructive agency to which these surfaces have been 
exposed. 

In several cases the shrinkage cracks which appeared 
during the initial curing period have developed later 
into full transverse cracks. Examples of such cracks 
are shown in Figure 10. 

Some observations were made to determine the depth 
to which local shrinkage cracks penetrated into the con- 
crete. Cores were drilled so as to include some of these 
cracks in the top of the core. A solution of gasoline 
and a red dye (which was insoluble in water) was pre- 
pared and was poured into the cracks until they were 
filled. The liquid was allowed to dry and the core was 
then broken in a testing machine in order that the depth 
of the penetration into the crack could be measured. 
The maximum depth of crack was found to be about 2 
inches and, in general, they were from one-fourth inch 
to 1 inch in depth. 

The slab which was sprayed with asphalt emulsion 
originally had a black surface of uniform texture but 
this has since weathered off and now presents a mottled 
appearance, with but little of the bituminous material 
remaining. The appearance is not pleasing, but, as this 
surface had no traffic on it, it is perhaps not representa- 
tive as to appearance. 
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Section 41, wet subgrade, asphalt emulsion Section 27, wet subgrade, wet burlap for 24 hours, Section 25, wet subgrade, wet burlap for 24 hours, 
sprayed on the surface immediately after fin- then 2 pounds per sq. yd. of flake calcium chlo- then wet earth for 13 days, note burlap imprint 
ishing, surface free from local shrinkage cracks ride, surface free from local shrinkage cracks and surface free from local shrinkage eracks 





Section 28, wet subgrade, wet burlap for 24 hours, Section 15, dry subgrade, 2 per cent calcium chlo- Section 30, wet subgrade, no curing treatment 
then an application of sodium silicate (4 parts ride admixture with no surface curing treat- during the first 24 hours, then an application 
sodium silicate, 42 Baumé to 1 part water), im- ment, note local shrinkage and crazing cracks of sodium silicate (4 parts sodium silicate 42 


print of burlap evident and surface free from 
Jocal shrinkage cracks 


Baumé to 1 part water), the local shrinkage 
cracks developed before the application of the 
sodium silicate 


FIGURE 8.—CONDITION OF SuRFACE PRODUCED BY VARIOUS MetTrHops oF CURING 


METHOD OF CURING AND SURFACE HARDNESS COMPARED 


Tests to determine the relative surface hardness of 
some of the sections were made after the concrete was 
two years old. The apparatus used for making these 
tests has been described in Public Roads, volume 10, 
No. 5, July, 1929. It consists of a device which causes 
three narrow steel wheels, placed tangentially to a cir- 
cular path, to roll along this path at a constant speed 
and under a constant load. The depth of wear produced 
in the circular path by any given number of wheel 
passages is used as a measure of the hardness of the 
surface being tested. In testing the curing sections the 
steel wheels used on the wear machine were not heat 
treated or hardened. 

Table 4 shows the surface wear of a number of the 
sections on each type of subgrade and cured under dif- 
ferent conditions. The values are tabulated in order 
of their relative hardness as determined by measured 
depth of abrasion. The figures given are the average 
values from five tests on each section. The curves in 
Figure 11 are the average curves for four of these sec- 
tions and are representative of the data obtained. Dif- 
ferences in wear between sections having different 
curing methods indicate that there may be an effect 
of these different methods of curing on the surface 
hardness of the concrete. Sections which were covered 





Figure 9.—Section 1, Dry SUBGRADE, No CurinG. Loca 
SHRINKAGE Cracks CauvsEp By Rapib DRYING OF THE 
ConcRETE DURING THE HaRuy CURING PERIOD. 





Section 20, full transverse crack that developed 
from a local shrinkage crack 7 days after the 


concrete was placed placed 
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Section 1, transverse crack that developed from 
shrinkage cracks 583 days after the concrete was 





Section 3, transverse crack that developed from 
shrinkage cracks 335 days after concrete was 
placed 


I'rGuRE 10.—EXAMPLES OF TRANSVERSE CRACKS 
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Figure 11.—Errecr or Earty Buriuae TREATMENT ON 
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THE SURFACE HARDNESS OF CONCRETE. Eacu CurVE IS 


THE AVERAGE OF FIVE TESTS 


with wet burlap immediately after they were finished 
and then treated with either calcium chloride or sodium 
silicate did not show as much wear as did those on 
which the same surface application was used but on 
which the burlap was omitted. 

LOSS OF MOISTURE FOUND TO VARY CONSIDERABLY WITH 

METHOD OF CURING 

Two methods were used in the field to obtain the loss 
of moisture from the concrete. The first consisted of 
taking a pan of conerete (about 30 pounds) as it came 
from the mixer, striking off the surface and weighing, 
then placing it in the sun and weighing it at hourly 
intervals. Thus, a measure of the loss of moisture 
through surface evaporation of concrete which is not 
protected by a curing treatment was obtained. 

The other method consisted of casting (concurrently 
with the long field sections) small slabs 24 by 12 inches 
in area and 6 inches thick and weighing the concrete for 
rach as it came from the mixer. The upper surface of 
each slab was treated in the same manner as the corre- 
sponding long section. After 24 hours the forms were 
removed and the edges of all the small slabs were painted 
with tar for the purpose of restricting the loss in mois- 


TaBLeE 4.—felative surface hardness of concrete cured by different 
methods as determined with wear machine. Test made at 2 years 
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Surface wear in thousandths 
of an inch 
Sec- . 
é Curing method 
a ; 100 | 400 | 800 | 1,200 
| 'revolu-jrevolu-|revolu-|revolu- 
' tions | tions | tions | tions 
! H 
| = - - + a ae e e ——s= 
8 | Noicunin cae 2a ee ee ee 15 38 55 68 
15 | Calcium chloride admixture, 2 per cent__.__..__- { 14 43 65 81 
i | i 
WET SUBGRADE 
or" Wet burlap for 24 hours, then calcium chloride, 
b 2 pounds per square yard____..__.____.....-..- 15 33 49 62 
25 | Wet burlap for 24 hours, then wet earth for 13 
GRYSe. eee 19 ; 44 61 75 
28 | Wet burlap for 24 hours, then sodium silicate 
(451)... .2. ee ee eee 20 44 61 76 
31 | Calcium chloride admixture, 2 per cent____._.-_- 16 42 | 67 86 
29 | Calcium chloride after 24 hours, 2 pounds per 
SQUanORVATCors =... ae ee os peer 20 oO ae 90 
30 | Sodium silicate (4: 1) after 24 hours. -_--_.-..--. 22 53: 78 96 
41 | Asphalt emulsion sprayed immediately after | 1 
finishing(concretees ss = eee 24 | 55 | 81 104 
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LOSS OF MOISTURE —PER CENT OF MIAING WATER 














°o 5 10 LB. 3 20 25 30 
HOURS AFTER PLACING 
Ficure 12.—Curves SHOWING THE Errect or HUMIDITY ON 


THE Loss oF MOISTURE FROM THE SURFACE OF CONCRETE 
WHICH WAS NOT PROTECTED BY A CURING TREATMENT 
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LOSS OF MOISTURE-PER CENT OF MIXING WATER 
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Figure 13.—Loss or Moisture FRoM CONCRETE SPECIMENS (6.BY 12 FEET By 24 INCHES) CURED SIMULTANEOUSLY AND 
IDENTICALLY WITH THE CORRESPONDING CURING SECTIONS 


ture to the top and bottomsurfaces. Twenty-four hours 
after placing and at intervals thereafter, these slabs 
were weighed to determine the loss in moisture that had 
occurred. From these specimens data were obtained on 
the comparative value of the various treatments of the 
surface and of the subgrade for preventing moisture Joss 
from the freshlv laid concrete. 

Figure 12 gives the loss of moisture from several 
30-pound pan specimens (expressed as a percentage of 
mixing water) at intervals during a period of approxi- 
mately 24 hours, together with the average relative 
humidity for the period. These curves show that the 
greatest loss occurs during the first few hours after the 
concrete is placed. Almost 50 per cent of the mixing 
water evaportated from the surface of the unprotected 
concrete during the first 24 hours when exposed to an 
average humidity of 34. The curves also show the 
effect humidity has on the rapid drying out of the 
concrete during the early curing period. 

Figure 13 gives the loss of moisture obtained with the 
small slabs having the different curing treatments, 
expressed as a percentage of the mixing water. A lower 
loss occurred during the first 24 hours on those slabs 
which were placed on a wet subgrade and whose surfaces 
were immediately protected than on any of the others. 
A comparison of the loss of moisture from the concrete 
during this period, shows that the slabs placed on a wet 
subgrade and having a curing treatment during the first 
24 hours lost approximately 7 per cent of their mixing 
water and these slabs also show a low total loss over an 
extended period. The slabs which were placed on the 
wet subgrade but which received no surface protection 
for the first 24 hours lost about 14 per cent of their 
mixing water during this time. When placed on a dry 
subgrade this 24-hour loss amounted to about 29 per 
eent for specimens whose surface was not protected 
from moisture loss. These data bring out the advantage 
of subgrade moisture and of immediate surface protec- 
tion for the prevention of moisture loss during the early 
life of the concrete. It will be noted that for otherwise 
comparable curing treatments the wet subgrade reduced 
the loss during the first 24 hours to about one-half of 
that which occurred in the specimens on the dry sub- 
grade and that immediate protection reduced the loss 
to about one-half of that which occurred from the 


unprotected specimens during the first 24-hour period. 
It is also shown that, under adverse curing conditions, 
pavement concrete may lese as much as 40 or 45 per 
cent of the original mixing water during the first few 
weeks after it has been placed. 

The data relative to wet burlap, calcium chloride 
admixture, and asphalt emulsion, the three immediate 
treatments studied, all show a low loss of moisture 
during the early life of the concrete, while wet earth, 
asphalt emulsion, and calcium chloride surface treat- 
ments show the least loss between 24 hours and 7 days. 

The data given in Figures 12 and 13 show that under 
normal conditions, when no provision is made for early 
protection, a large portion of the mixing water is lost 
from the concrete during the first few hours after 
placing. It appears that after the concrete has ob- 
tained its initial set, the remaining retained moisture 
is not then so susceptible to the conditions that bring 
about a large loss during the earlier period. It follows, 
therefore, that a satisfactory treatment against the 
loss of moisture from the concrete during the period 
of hydration must necessarily be applied and be 
effective immediately after finishing is completed. 

The data concerning the effect of humidity on the 
loss of moisture from the conerete during the early 
period of hardening brings out the important bearing 
this factor has on the problem of concrete curing. With 
only moderate differences in humidity the correspond- 
ing differences in the drying out of unprotected concrete 
were found to be as great as the differences found 
between extreme methods of curing on the concrete 


sections. 
CONTROL SPECIMENS TESTED 


It is doubtful if satisfactory strength data can be 
obtained from small test specimens in an investigation 
of this nature. The difficulty is that the exposure of the 
concrete in the test specimens to most curing treat- 
ments does not reproduce the condition of exposure 
which is met by the concrete in the pavement slab. 
This was realized when the program of these tests was 
formulated but it was thought advisable to make and 
test a certain number of such specimens in conjunction 
with the long slabs for whatever relative information 
they might furnish. 
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Compression tests on 6 by 8 inch cylinders, tension 
tests on 6 by 21 inch cylinders and flexure tests on 6 
by 6 by 24 inch beams were made at 1, 3, 7, 21, and 
180 days. 

In the data from the cylindrical specimens there ap- 
peared to be no significant indication and it was in the 
case of these specimens that it was most difficult to 
obtain a curing condition which was at all represen- 
tative of that of the test slab. For this reason these 
data are not included in the report. 

With the beams it was possible to simulate the test 
slab conditions of curing more closely and it is believed 
that this is the reason that the data obtained from these 
tests appear to have some significance. These data 
are presented in Figure 14 in which the average values 
from the flexure tests are plotted as percentages of the 
stren¢th obtained from specimens corresponding to 
section 25, which was cured with wet burlap and wet 
earth, 
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24 HRS. 3 DAYS 7 DAYS 21 DAYS 6MOS. 
AGE AT TIME OF TESTING 
Ficure 14.—Srrenctu or Conrrou SPECIMENS IN TERMS 
OF THAT OBTAINED FROM SPECIMENS CURED WITH BURLAP 
AND Wet EARTH 


The data from the flexure tests show the comparative 
effect of the different curing methods on the strength 
of the concrete. Conditions of curing that permitted 
rapid drying or early set developed relatively high 
early-strength concrete. However, at the later ages, 
the strength of such concrete is, in general, less than 
that of concrete cured under conditions which cause 
slow drying and slow setting. This is clearly indicated 
by the comparative modulus of rupture as shown in 
Figure 14. 

All of the specimens were taken from the field and 
immediately tested with the exception of those tested 
at six months. The 6-month specimens were stored 
indoors for several days before they were tested. Since 
moisture in concrete affects its strength, it is possible 
that some of this variation in the early strength results 
was due to the differences in moisture content and is 
not entirely an effect of the curing treatment. 
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EFFECT OF VARIOUS AMOUNTS OF STEEL REINFORCING ON THE 
FREQUENCY AND WIDTH OF CRACKS STUDIED 

As stated earlier in the report, a series of sections 
with steel reinforcement, was included in this investiga- 
tion, to obtain information regarding the effect of the 
different amounts and types of reinforcement on the 
cracking of concrete pavements. 

Three types of reinforcement were used in the differ- 
ent sections, as follows: Deformed bars of 4, %, #4, and 
*% inch diameter placed continuously or segmentally; 
plain round %-inch bars, painted and greased, placed 
continuously; and welded rectangular fabric of both 
23.6 and 43.8 pound weights (per 100 square feet) 
placed continuously and segmentally. All steel was 
placed 3 inches below the surface of each slab. In the 
case of the sections where the bars were used, two bars 
were placed in each section 12 inches apart and 6 
inches in from the edges. 

The continuous bar reinforcement seems to have a 
very definite effect on the transverse cracking as shown 
in Figure 3. This effect is not brought out by a con- 
sideration of the average slab length of the entire slab 
because in a number of cases the presence of the re- 
inforcement operated to produce long uncracked slabs 
at the ends of the test section. If the two end slabs of 
each section are disregarded and the average slab 
length between the first and last transverse cracks in 
each section 1s computed, then the effect of the steel on 
the average slab length becomes clearer. These data 
for the four sections on both the dry and the wet sub- 
grades are shown below. 


Average length of reinforced slabs 


[End slabs disregarded] 
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Section Reinforcement cae 

in feet 
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These figures indicate that, as the percentage of con- 
tinuous steel-bar reinforcement is increased, the ten- 
dency is for the transverse cracks to form at more 
frequent and (from fig. 3) at rather regular intervals. 
Also, it was observed in every case that the larger the 
bars the more tightly are the fractured surfaces held 
together. In the reinforced segmental slabs there are 
some few transverse cracks but in every case these are 
held tightly shut by the steel, whereas those appearing 
in similar plain slabs are open from one thirty-second 
to one-eighth of an inch. 

It is shown by the data obtained from section 12 that 
large bars, painted and greased, can be used continu- 
ously without greatly stressing the slab since the bond- 
ing qualities of the bars have been almost entirely 
destroyed by such treatment. With this type of rein- 
forcing the transverse cracks occurred at intervals com- 
parable to those found in unreinforced slabs and the 
width and appearance of the cracks is much the same 
in both cases. The advantage of this type of reinforced 
pavement over plain concrete lies in the doweling effect 
of the steel at all transverse cracks, preventing settling 
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Figure 15.—Tue Errect or PLaIn AND REINFORCED Con- 
CRETE (CuRED DIFFERENTLY) ON THE SLAB LENGTH AT 
DIFFERENT AGES 


that would cause new unsupported edges and the de- 
velopment of supplementary transverse cracks adjacent 
to the first crack. 

The comparative effect of both plain and reinforced 
sections on the average slab length at different ages 
of the concrete is shown by the curves in Figure 15. 
Again, as in Figure 4, considering the sections that are 
placed on the dry subgrade as having poor curing and 
those placed on the wet subgrade as having good 
curing, the curves shown in this figure represent the 
average slab length in feet for each of these conditions 
for both plain and reinforced sections from the time 
they were placed up to and including the two and one- 
half year period. Sections in which steel reinforcement 
‘was used, placed under conditions of poor curing, de- 
veloped nearly all of the transverse cracks during the 
early period after placing, and give an average slab 
length of approximately 35 feet at seven days, and at 
‘the two and one-half year period of approximately 32 
feet. These average slab lengths are just slightly 
geater than for the sections of plain concrete. Under 
good conditions of curing the average slab length of 
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TEMPERATURE OF CONCRETE ~ DEGREES CENTIGRADE 


Section 1, plain concrete. 

Section 12, 2 34-inch plain bars painted and greased. 

Section 11, 2 34-inch deformed bars. 

Section 10, 2 14-inch deformed bars. 

Section 9, 2 34-inch deformed bars, area 0.220 square inch. 
Section 8, 2 }4-inch deformed bars, area 0.098 square inch. 
Section 17, 43.8 pounds rectangular fabric, area 0.240 square inch. 
Section 18, 23.6 pounds rectangular fabric, area 0.132 square inch. 


Fiagure 16.—Tue Errecr or Continuous REINFORCING ON 
THE CONTRACTION OF CONCRETE SECTIONS. READINGS AT 
ZERO TEMPERATURE Mapr wHEeN CONCRETE WAS Ex- 
PANDED FROM MOISTURE. 


steel reinforced slabs at 7 days is 200 fect, as against 
approximately 50 feet for plain concrete. At the two 
and one-half year period this relative position still 
holds, the steel reinforced sections averaging 42 feet 
while the plain concrete is approximately 31 feet. 

The effect of continuous reinforcing on the contrac- 
tion of concrete slabs over a range of different temper- 
atures is shown by the curves in Figure 16. These data 
were obtained, from time to time, on the different sec- 
tions by measuring the width of cracks with a special 
measuring microscope. The contraction of the con- 
crete per lineal foot was arrived at by obtaining the 
total width of all the transverse cracks in a section in 
feet for a certain concrete temperature, dividing this 
figure by the effective length of the slab, i. e., the dis- 
tance in feet between the extreme cracks, plus one-half 
the distances from the extreme cracks to the ends of 
the section. 

Plain concrete and that in which plain bars, painted 
and greased, were used showed a higher contraction 
per lineal foot than sections in which continuous steel 
bars of different sizes in high bond were used. 

It appears from the data that %-inch smooth bars 
painted and greased have less effect on the contraction 
of the concrete than do an equal number of \-inch de- 
formed bars in good bond. ‘This is a matter of interest 
to those who use this type of “‘continuous dowel”’ in 
their designs. 

It is also interesting to note that, so far as the data 
may be compared, it is indicated that equal percentages 
of longitudinal steel, whether in the form of welded 
fabric or deformed bars, produce, equal effects on the 
contraction of the concrete. The 23.6-pound fabric 
(sec. 18) shows an effect less than that of %-inch de- 
formed bars (sec. 9) but greater than that of \-inch 
deformed bars (sec. 8), which corresponds to the relation 

(Continued on p. 228) 


NEED FOR SIMPLIFICATION OF SIZES IN SAND AND 
GRAVEL INDUSiiee 


By F. H. JACKSON, Senior Engineer of Tests, Division of Tests, United States Bureau of Public Roads 


have discussed “standardization” of specifications 

for aggregate sizes and have even gone so far as to 
propose a series of so-called standard sizes which were 
adopted as tentative a number of vears ago by the 
American Society for Testing Materials. It now ap- 
pears that possibly our efforts in this direction have 
been largely misdirected because we have been en- 
deavoring to establish definite specifications for a single 
series of “standard sizes for materials which occur in 
nature in widely different sizes and gradings. From 
the point of view of the engineer there appears to be no 
reason why absolute standardization should be affected 
throughout the United States. The producer of gravel 
in the Detroit region is not interested in specifications 
drawn by the cities of Boston or San Francisco. He 1s, 
however, vitally interested not only in the s pecifications 
which may be drawn by the city of Donut but also in 
those which may be prepared by all other users of gravel 
in the territory which he serves. Furthermore, the 
multiplicity of sizes which may be required by users 
within his territory is just as confusing and works just 
as great a hardship upon him as any similar situation 
in the larger national field. 


Fics many years engineers and aggregate producers 


REDUCTION OF NUMBER OF AGGREGATE SIZES REQUIRED IN DIF- 
FERENT AREAS DESIRABLE 

The outstanding need in the way of simplification of 
sizes of aggregates is the reduction of the number of 
different sizes demanded of the producer in each of the 
major centers of production and distribution. The 
producer of sand and gravel, while a manufacturer in a 
certain sense, is not a manufacturer in the same sense 
as the producer of such products as paving brick. In 
the production of paving brick the size to be manufac- 
tured is directly under the control of the manufacturer 
and is not influenced by the character of the raw mate- 
rial. ‘The same is true of most manufactured products. 
With sand and gravel, however, the producer is faced 
with the necessity of utilizing the material w hich nature 
has furnished to the best advantage. The sizes and 
gradings of the finished products which can be economi- 
cally supplied are influenced to a marked degree by the 
size and grading of the pit run material. The producer 
can not supply. material with a 2-inch maximum size 
when the largest gravel in his pit is 1 inch. Neither 
can he economically supply an aggregate complying 
with a specification which calls for a preponder ance of 
the larger sizes when to do so would mean the wasting 
of large quantities of the smaller sizes. Specifications 
for sand and gravel in any given region are of necessity 
dependent upn the character of the materials available 
in that region which of course means that specifications 
for materials for the same use in different sections of 
the country may and pEOably ails be equate different. 








1 Presented at the annual meeting of the National Sand and Gravel Association, 
Memphis, Tenn., Jan. 29, 1930. 
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Too many specifications are written in rule of thumb 
fashion without regard to the most economical use of 
the available material. Engineers are slow to recog- 
nize that the exact limiting sizes or exact range in sizes 
for a given product are not nearly so important as 1s 
the question | of uniformity of successive shipments of the 
particular size and grading specified. This is par- 
ticularly true where the aggregate is to be used in de- 

signed mixes of Portland cement concrete as opposed to 

the method of designating arbitrary proportions. The 
engineer should be able to design a mixture of the 
required quality with any given ‘aggregates regardless 
of the exact grading of the aggregates furnished. He 
should, however, have assurance that aggregates of the 
size and grading from which he established his design 
can and will be furnished on the job from start to finish. 
The same is true of other uses of sand and gravel. 

Uniformity is far more important than adherence to 
some arbitrary size limit and simplification by reduc- 
tion of the number of sizes required within a given 
territory will unquestionably facilitate compliance with 
requirements for uniformity. The producer, having to 
manufacture and stock only a few distinct grades 
instead of many grades differing only slightly in size, 
is in a much better position to make uniform and 
mutually satisfactory deliveries on any given project. 
Ageregate producers are willing and anxious to com- 
ply with the specifications and it is obvi ious that the 

task will be greatly simplified if there is only one 
instead of a dozen ‘specifications to meet for a given 
use. 

On the other hand, the engineer is responsible for 
the quality of construction and he must be convinced 


that the size which he will be required to use under a. 


simplification program will be as satisfactory as the 
sizes which he has been using. Simplification should be 
a matter of joint effort between producer and consumer. 


ADOPTION OF SERIES OF NOMINAL SIZE LIMITS PRACTICABLE 


For the above reasons it is believed that national 
standardization of specifications for sand and gravel is 
neither necessary nor desirable. However, there is good 
reason for the simplification by reduction of the un- 
necessarily large number of sizes now specified in the 
various production regions. It will also be helpful to 
adopt a series of nominal size limits covering the major 
uses of sand and gravel, such as has been recommended 
by the committee on standards of the National Sand 
and Gravel Association. Since these are merely nomi- 
nal maximum and minimum size limits they would in 
no sense be considered as specifications but would be 
subject to further definition by the insertion of suitable 
intermediate size requirements, tolerances, etc., to meet 
local conditions. 

As the first step in the simplification program, the 
suggested size limits could be used as a frame upon 
which to build the simplified specification requirements 
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best suited to each production district. The adoption 
of actual specification limits would, of course, be a 
matter of joint action by producer and consumer in 
each case and this would have to be accomplished before 
any real benefits from simplification would accrue to 
either producer or consumer. A paper presented before 
the meeting of the American Concrete Institute? de- 
scribes efforts made along this line in the Detroit area 
and illustrates a type of joint effort which should accom- 
plish results. It 1s understood that similar efforts are 
being made in the Pittsburgh and other districts. 

With regard to the recommendation made by the 
standards committee of the National Sand and Gravel 
Association for limiting sizes for standard grades of 
sand and gravel, it is desired to make a few comments. 
Two grades of sand and five grades of gravel have been 
recommended, as shown in Table 1. 


TaBLE 1.—Recommendations of standards committee of National 
Sand and Gravel Association for commercial sizes of sand and 
gravel 

SAND 





Commercial sizes 





Typical uses 


Square sieves Round screens 








OitowNiOwS: —.------ ae. Sheet asphalt, bituminous concrete, plaster 


mortar, grout, ete. 


0 to 38 inch._.....- 0 to 7t6 ineh_- .| Concrete, etc. 








CRAY BL 








No. 4 to 14 ineh__..| 14 to 5g ineh....___| Thin concrete sections, concrete building 
units, bituminous surface treatment, etc. 

Light reinforced concrete construction, 
maintenance gravel roads, etc. 

yeneral use as concrete aggregate. 

Concrete highway construction and general 
concrete work. 

to 245 inches_- me highway construction and heavy 

to 3inches....__ J reinforced concrete work. 





No. 4 to 34 inch....| 14 to 7 inch-___.--- 


No. 4 to 1 inch____- 
No. 4 to 143 inches. 


No. 4 to 
No. 4 to 


14 to 114 inches--.- 
14 to 2 inches__-... 


2 inches___ 14 
215 inches_| 14 








The various size limits in Table 1 have been given in 
terms of both square-mesh sieves and round-hole 
screens. Reference to both types is necessary, as a 
single standard method of measuring size of coarse 
agaregates has not yet been agreed on. 

It is believed that the %-inch maximum size for sand 
for concrete is somewhat high and is not in proper 
relation to the minimum size of gravel which is given in 
all cases as the No. 4 screen. The %-inch square-mesh 
sieve has a round hole equivalent of about seven-six- 
teenths inch or almost one-half inch, which is larger 
than the usual limit for concrete sand. 

Another comment is in regard to the method of desig- 
nating all material from the No. 4 sieve to the maximum 
size, say 2 inches as a single size. It is recognized that 
in many plants the gravel is not screened into several 
primary sizes while in others, particularly in many of 
the larger plants, this pr actice is followed. The other 
method of size designation is preferred ; that is, each pri- 
mary separation is considered as a primary size and com- 
binations of them are considered as combination sizes. 
In other words, the primary gravel sizes would then be: 

No. 4 sieve to ¥ inch. 
inch to % inch. 

4 imeh to 1 inelas 

1 inch to 1} inches. 
1% inches to 2 inches. 
2 inches to 2% inches. 





2 Williams, L. E., Confusion of Specifications for Aggregates. 
ican Concrete Institute, vol. 25, 1929, pp. 642-650. 
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PROPOSED PLAN WILL FACILITATE SHIPPING 
SEPARATED SIZES 


OF AGGREGATE IN 


It would not be necessary for every gravel producer 
to screen his product into these five separate products. 
A specification could still require, for example, No. 4 
sieve to 1% inches with suitable intermediate radioe 
ments, tolerances, ete. Such a_ specification would 
simply mean that the specified material includes four 
of the primary sizes. Whether the material is made up 
of the four sizes previously screened and then blended 
to conform to the specification or whether only two 
sizes have been originally made, sav No. 4 sieve to *% 
inch and %inch to 14 inches is a matter of local control. 
The material might be produced without any separa- 
tions whatever between the upper and lower limits 
provided it is possible to do so and still meet the spec- 
ifications. 

Designating the primary separations in the manner 
indicated above, has one obvious advantage. It makes 
possible, under favorable circumstances, the shi pping of 
gravel to the job in two or more separated sizes. In 
such a case, the engineer specifies the number of tons 
of -each size desired and the producer ships each size 
separately. It is believed that the time is not far dis- 
tant when engineers will realize the advantages in the 
way of increased uniformity to be gained by batching 
the coarse aggregate in more than one size. It is prac- 
tically a physical impossibility to handle a shipment of 
coarse aggregate in which the size ranges from No. 4 
to, say, 1}:-inch square mesh without segregation. It 
is believed that we will eventually discard the present 
unscientific and haphazard method of handling coarse 
aggregate in favor of a method which will insure that 
every batch of concrete will be like every other batch. 
Nothing will contribute more to this end than the adop- 
tion of this practice in handling aggregates. 

Let us look into the matter from the producer’s 
standpoint. What change in present manufacturing 
and distributing practice would be involved? In the 
first place, how many important gravel plants handle 
material running up to, say 2 inches in size, Which do 
not make at least one intermediate separation at either 
three-fourths inch or 1 inch? In the large ale 

centers the demand for most if not all of the sizes listed 
by the committee is sufficient to require the installation 
of screens for each maximum size specified. However, 
in many plants, instead of separating the product into 
a number of primary sizes, and then recombining them, 
gravel of any desired maximum size is obtained by 
screening out the oversize gravel, which is either crushed 
or wasted as local conditions dictate. Most of the large 
gravel plants have more or less complicated combina- 
tions of screens, bins, and chutes arranged and added 
to from time to time in an effort to manufacture eraded 
products to meet definite specification requirements. 
In some plants these installations are so complicated 
that it is difficult for anyone but the plant superin- 
tendent to understand them. Even though these ar- 
rangements may be so designed as to blend sizes per- 
fectly in the bin or in the car, segregation in handling 
will frequently undo the work. It seems desirable to 
adopt the rational and simple method of screening the 
product into the number of primary sizes dictated by 
the character of the material and the demand and 
avoid all this trouble. Such a plan will require a radi- 
cal change in construction practice and it will be neces- 
sary to convince both the engineer and the producer as 
to its desirability. 
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SIMPLIFICATION ATTAINABLE ONLY THROUGH COOPERATION OF 
PRODUCER AND CONSUMER 


The matter of separated sizes though related in a 
general wav to the subject under discussion, is not the 
question of primary interest. The question of imme- 
diate concern is how to reduce the number of sizes of 
sand and gravel which commercial producers are now 
required to produce and stock. As has been stated, 
acceptance of the recommended nominal standard 
sizes by the industry and the user appears to be the 
first step. The Division of Simplified Practice of the 
Department of Commerce is admirably equipped to 
cooperate with the industry in carrying forward this 
part of the program. However, acceptance of these 
limiting sizes will not relieve the producer who is 
harassed with a number of specifications differing as 
to intermediate size requirements even though the 
upper and lower limits may be the same. The specifica- 
tions of the various users for any aggregate for a given 
purpose must be the same in any given production 
region before the problem is solved. 

Regional committees made up of representatives of 
both the producers and the consumers should be formed 
for this purpose. In this work the producer should 
take the initiative. He is, as a rule, better organized 
than the consumer. His interests in the matter are 
also more obvious though perhaps not more real than 
those of the consumer. The regions or areas into which 
this phase of the simplification program would be 
divided would correspond obviously to the centers of 
ereatest commercial activity; that is, the regions within 
shipping radius of the large centers of population. We 
have already noted activity of this sort under way in 
at least two such areas—Detroit and Pittsburgh. It 
can be extended to other areas where similar problems 
have arisen. The national association, through its 
representative members in these regions, is the logical 
organization to initiate the program. 

The Bureau of Pubhe Roads is thoroughly in sym- 
pathy with the simplification of sizes and varieties of 
the various manufactured products used in the con- 
struction of roads. The recommendations of the Divi- 
sion of Simplified Practice in the matter of grades of 
asphalt and varieties and sizes of paving brick have 
been widely followed by both the industries involved 
and the user and there is every reason to believe that 


similar success will attend the efforts which the N ational 
Sand and Gravel Association is about to initiate in the 
matter of simplification of sizes of sand and gravel. 








(Continued from p. 225) 


between their areas. The 43.8-pound fabric (sec. 17) 
appears to have about the same effect as %-inch de- 
formed bars and their unit sectional areas are approxi- 
mately the same. 

GENERAL INDICATIONS PRESENTED 


In summarizing what seem to be the most important 
indications of the data obtained from this investigation 
no attempt is made to establish the relative merits of 
the various curing materials used. It is believed that 
the evidence obtained is neither sufficiently compre- 
hensive nor sufficiently conclusive for such a purpose. 
However, there are indications which seem quite clear 
and these are presented below. 

1. Careful attention to curing improves the quality of 
the concrete both from the standpoint of strength and 
that of surface appearance. ; 

2. Any curing method, to be effective, must com- 
mence as soon as the concrete surface is finished. 

3. All things considered, the wet burlap-wet earth 
curing method used in these tests was more effective 
than any of the other methods used. 

4. The immediate application of wet burlap largely 
prevented the surface checking so prevalent in those 
slabs where the curing was delayed. 

5. Under adverse conditions concrete may lose as 
much as 40 to 45 per cent of the original mixing water 
during the first few weeks after placing and, more im- 
portant, under these conditions as much as 75 per cent 
of this loss may occur during the first 24 hours. 

6. The application of a black surface to concrete slabs 
causes greater temperature variations and consequent 
volume changes to take place than would otherwise be 
the case and under certain conditions this may result 
in an abnormal amount of transverse cracking. 

7. The use of transverse joints which will allow free 
longitudinal movement of the slab ends is of material 
benefit for the control of transverse cracking. 

8. The method used for curing a concrete pavement 
may affect its surface hardness. 

9. Increasing the percentage of continuous longitu- 
dinal reinforcing steel decreases the average slab length. 


O 
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Applicants are urgently requested to ask only for those publications in 
which they are particularly interested. The Department can not under- 
take to supply complete sets nor to send free more than one copy of any 
publication to any one person. The editions of some of the publications 
are necessarily limited, and when the Department’s free supply is 
exhausted and no funds are available for procuring additional copies, 
applicants are referred to the Superintendent of Documents, Govern- 
ment Printing Office, this city, who has them for sale at a nominal price, 
under the law of January 12, 1895. Those publications in this list, the 
Department supply of which is exhausted, can only be secured by pur- 
chase from the Superintendent of Documents, who is not authorized 
to furnish publications free. 


ANNUAL REPORTS 


Report of the Chief of the Bureau of Public Roads, 1924. 
Report of the Chief of the Bureau of Public Roads, 1925. 
Report of the Chief of the Bureau of Public Roads, 1927. 
Report of the Chief of the Bureau of Public Roads, 1928. 


DEPARTMENT BULLETINS 


No. *136D. 
220D. 
257D. 

*314D. 
*347D. 
*370D. 
386D. 
387D. 
388D. 
390D. 
407D. 


463D. 
*532D. 


*583D. 


*660D. 
*670D. 


*691D. 
*724D. 
1216D. 


Highway Bonds. 20c. 

Road Models. 

Progress Report of Experiments in Dust Prevention 
and Road Preservation, 1914. 

Methods for the Examination of Bituminous Road 
Materials. 10c. 

Methods for the Determination of the Physical 
Properties of Road-Building Rock. 10c. 

The Results of Physical Tests of Road-Building 
Rock. 15c. 

Public Road Mileage and Revenues in the Middle 
Atlantic States, 1914. 

Public Road Mileage and Revenues in the Southern 
States, 1914. 

Public Road Mileage and Revenues in the New 
England States, 1914. 

Public Road Mileage and Revenues in the United 
States, 1914. A Summary. 

Progress Reports of Experiments in Dust Prevention 
and Road Preservation, 1915. 

Earth, Sand-Clay, and Gravel Roads. 

The Expansion and Contraction of Concrete and 
Concrete Roads. 10e. 

Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25c. 

Highway Cost Keeping. 10c. 

The Results of Physical Tests of Road-Building 
Rock in 1916 and 1917. 

Typical Specifications for Bituminous Road Mate- 
rials.. 10c. 

Drainage Methods and Foundations for County 
Roads. 20c. 

Tentative Standard Methods of Sampling and Test- 
ing Highway Materials, adopted by the American 
Association of State Highway Officials and ap- 
proved by the Secretary of Agriculture for use in 
connection with Federal-aid road construction. 

Standard Specifications for Steel Highway Bridges, 
adopted by the American Association of State 
Highway Officials and approved by the Secretary 
of Agriculture for use in connection with Federal- 
aid road work. 

. Rural Highway Mileage, Income, and Expenditures 

1921 and 1922. 
. Highway Bridge Location. 


1259D. 


DEPARTMENT CIRCULARS 


No. 94C. T. N. T. as a Blasting Explosive. 
331C. Standard Specifications for Corrugated Metal Pipe 


Culverts. 


TECHNICAL BULLETIN 


No. 55. Highway Bridge Surveys. 
MISCELLANEOUS CIRCULARS 
No. 62M. Standards Governing Plans, Specifications, Con- 


tract Forms, and Estimates for 


Federal-Aid 
Highway Projects. 
93M. Direct Production Costs of Broken Stone. 
*109M. Federal Legislation and Regulations Relating to the 
Improvement of Federal-Aid Roads and National- 
Forest Roads and Trails. 10c. 


SEPARATE REPRINTS FROM THE YEARBOOK 


No. 914Y. Highways and Highway Transportation. 
937Y. Miscellaneous Agricultural Statistics. 
1036Y. Road Work on Farm Outlets Needs Skill and 


Right Equipment. 


TRANSPORTATION SURVEY REPORTS 


Report of a Survey of Transportation on the State Highway 
System of Connecticut. 

Report of a Survey of Transportation on the State Highway 
System of Ohio. 

Report of a Survey of Transportation on the State Highways of 
Vermont. 

Report of a Survey of Transportation on the State Highways of 
New Hampshire. 

Report of a Plan of Highway Improvement in the Regional Area 
of Cleveland, Ohio. 

Report of a Survey of Transportation on the State Highways of 
Pennsylvania. 


REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 


Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon the 
Penetration Test for Asphalts and 
Asphalt Cements. 

Vol. 5, No. 19, D- 3. Relation Between Properties of Hardness 


and Toughness of Road-Building Rock 


Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 
Vol. 6, No. 6, D- 8. Tests of Three Large-Sized Reinforced- 


Concrete Slabs Under Concentrated 
Loading. 

Vol. 11, No. 10, D-15. Tests of a Large-Sized Reinforeed-Con- 
crete Slab Subjected to Eccentric 
Concentrated Loads. 
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